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[1] Recent studies showed that, regardless of the orientation of the Interplanetary
Magnetic Field (IMF), ULF wave activity in the solar wind can substantially enhance
the convection in the high latitude ionosphere, suggesting that ULF fluctuations
may also be an important contributor to the coupling of the solar wind to the
magnetosphere‐ionosphere system. We conduct a statistical study to understand the
effect of ULF power in the IMF on the cross polar cap potential, primarily focusing on
northward IMF. We have analyzed the Assimilative Mapping of Ionospheric
Electrodynamics (AMIE) calculations of the polar cap potential, a IMF ULF index that
is defined as the logarithm of Pc5 ULF power in IMF, and solar wind velocity and
dynamic pressure for 249 days in 2003. We find that, separated from the effects of solar
wind speed and dynamic pressure, the average cross polar cap potentials show a roughly
linear dependence on the ULF index, with a partial correlation coefficient of 0.19.
Highly structured convection flow patterns with a number of localized vortices are
often observed under fluctuating northward IMF. For such a convection configuration,
it is hard to estimate properly the cross polar cap potential drop, as the enhanced flows
around the vortices that may be associated with IMF fluctuations do not necessarily yield a
large potential drop. Thus, despite the relatively small correlation coefficient, the linear
trend we found gives support to the significant role of IMF ULF fluctuations on the
coupling of the solar wind to the magnetosphere‐ionosphere system.
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1. Introduction
[2] The polar cap is the region of open magnetic field lines
that connect the Interplanetary Magnetic Field (IMF) and the
geomagnetic field. As the solar wind flows past the Earth’s
magnetosphere, a dawn‐to‐dusk electric field generally forms
along the magnetopause and maps to the polar cap creating the
cross polar cap potential and driving anti‐sunward convection
within the polar cap.When the IMF becomes more southward,
the interconnection of the solar wind and geomagnetic field is
enhanced, increasing ionospheric convection and the electric
potential across the polar cap [e.g., Reiff et al., 1981; Cowley,
1984]. Thus the cross polar cap potential drop can be
approximately a direct measure of the instantaneous coupling
strength between the solar wind and the magnetosphere. It is
well known that the cross polar cap potential drop is positively
correlated with solar wind parameters, such as southward IMF,
solar wind speed, and dynamic pressure [e.g.,Reiff et al., 1981;
Cowley, 1984; Reiff and Luhmann, 1986; Boyle et al., 1997;
Boudouridis et al., 2005].
[3] Recently, ULF wave power in the solar wind was
proposed to be an additional factor in controlling the coupling
of the solar wind‐magnetosphere‐ionosphere system. Kim
et al. [2009] and Lyons et al. [2009] showed that enhanced
ULF wave power can substantially enhance the convection
strength in both the dayside and nightside high latitude ion-
osphere. This ULF power effect was found to be independent
of an observed direct effect from the solar wind speed. Lyons
et al. [2009] showed some examples of an increase of plasma
sheet pressure and substorm occurrence rate during periods of
strong ULF wave activity under northward IMF, indicating
that ULF wave activity may play an important role in geo-
magnetic activity.
[4] In this paper, as an extension of Kim et al. [2009] and
Lyons et al. [2009], we present results of a statistical study to
examine if enhanced ULF wave activity in the IMF can also
contribute to an increase of the cross polar cap potential drop
(DФpc). We primarily seek the statistical relationship between
DФpc and an interplanetary ULF index for northward IMF
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with IMF Bz > IMF |By|, and after suppressing the effects of
solar wind speed and solar wind dynamic pressure.
2. Data Description
[5] Cross polar cap potentials derived by the Assimilative
Mapping of Ionospheric Electrodynamics (AMIE) technique
are used [Ridley and Kihn, 2004]. The AMIE technique
[Richmond and Kamide, 1988] can utilize a large number of
observations from various sources (ground magnetometers,
DMSP satellites, and radars) to determine the transpolar
potential. However, the data from satellites and radars are not
always available; therefore in our statistical study for consis-
tency we examine AMIE runs of 1‐min resolution that used
only ground magnetometers (with 120–140 contributing sta-
tions throughout 2003). The cross polar cap potentials are
available at http://herot.engin.umich.edu/∼amie/data/indices/.
[6] To represent the level of ULF wave activity in the
IMF, we use the interplanetary ULF index which has been
recently introduced by Kozyreva et al. [2007]. The hourly
IMF ULF index is defined as the logarithm of the average
ULF power in the frequency range of 2 mHz to 7 mHz, and
is estimated using time‐shifted 1‐min IMF data from inter-
planetary satellites such as Wind and ACE.
[7] For solar wind parameters, we use the ACE and Wind
data as time‐shifted to the standard position of 17 RE in front
of the magnetosphere by the Weimer technique [Weimer
et al., 2003; Weimer, 2004]. A 10‐min time lag is adopted
to account for the travel time of solar wind information from
the magnetopause to the ionosphere [Ridley et al., 1998]. For
the statistical study, we examine the data described above
for a total of 249 days in 2003. The selection criteria for the
249 days are as follows: 1) no large gaps in any data, 2) no
significant discrepancy between ACE and Wind solar wind
data, 3) no extreme IMF Bz values, i.e., the maximum mag-
nitude of IMF Bz is not greater than 15 nT. By imposing this
latter condition, we can exclude the extreme intervals where
saturation of cross polar cap potential can be an issue [e.g.,
Kivelson and Ridley, 2008, and references therein]. The
prepared data set is of fairly even distribution in seasons, and
about the same percentage of the data is associated with either
high solar wind speed (Vsw > 550 km/s for ∼52% of the time)
or lower solar wind speed streams (Vsw < 550 km/s for ∼48%
of the time), which can facilitate unbiased statistics as Pc5
ULF waves are known to be ubiquitous during high speed
streams.
[8] As high temporal variations are not of interest here,
we obtain 22‐min running averages of cross polar cap
potentials, and solar wind and IMF parameters from ACE.
The hourly ULF index is then interpolated to get values at
the same time grids.
3. Statistical Results
[9] Figure 1a shows the color‐coded average cross polar cap
potential versus IMFBz and ULF index. For Figure 1a, we first
collect the data points (all 22‐min running averages) that sat-
isfy one of the three IMF conditions: (A) IMF Bz > 1.5 nT and
IMF clock angle < 45°, and all the 1‐min IMFBz values within
a given averaging window are positive, (B) |IMF Bz| < 1.5nT
and |IMF By| < 0.5nT, (C) IMF Bz < −1.5 nT and IMF clock
angle > 135° and all the 1‐min IMF Bz values within a given
averaging window are negative. Here IMF clock angle, Q, is
defined as tan−1(|By|/Bz) for Bz > 0, and 180° − tan−1(|By/Bz|)
for Bz < 0. Conditions (A) and (C) represent predominantly
northward or southward IMF with z‐component larger than
y‐component, and Condition (B) represents the IMF Bz fluc-
tuating around 0 with a small amplitude while the average
IMF By is almost negligible.
[10] In order to capture the average statistical behavior, the
cross polar cap potential data are then averaged over grid cells
of 0.04 by 0.5 nT in Figure 1a. The color‐coded average
DФpc clearly shows the well‐known increase with the mag-
nitude of southward IMF. However, it is also discernable that
for a given IMF Bz (either northward or southward) DФpc
gradually increases with increasingULFwave power, leading
to the presence of the same or even slightly larger average
DФpc for northward IMF when ULF power is higher than for
weakly southward IMFwhenULF power is low. Note that the
distribution of the data points in Figure 1a is symmetric
around Bz = 0, indicating the independence of the ULF wave
activity level on the IMF orientation.
Figure 1. (a) Color‐coded average cross polar cap potential versusULF index and IMFBz. (b) Bin‐averages
of all the data points for northward IMF, i.e., the data points with IMF Bz > 1.5 nT in Figure 1a. The triangles
represent the bin‐averages with bin width of 0.2 ULF index, and the bars indicate the standard deviation of the
data points in each bin. The 95% confidence interval for each bin‐average is indicated by the horizontal ticks
on the bars.
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[11] To avoid complications in dealing with the southward
IMF effect, we primarily focus on northward IMF to find the
average relationship betweenDФpc and ULF index. Figure 1b
shows the bin‐averages of all the data points satisfying IMF
Condition (A), i.e., the data points with IMF Bz > 1.5 nT in
Figure 1a. In Figure 1b, the triangles represent the bin‐averages
with bin width of 0.2 ULF index, and the bars indicate the
standard deviation of the data points in each bin. The horizontal
ticks on the bars indicate 95% confidence intervals for the bin‐
averages. The bin averages are well aligned on a single line,
indicating a roughly linear relation between DФpc and the
ULF index.
[12] However, in order to understand the pure relationship
between the ULF index and DФpc in Figure 1b, we need to
remove the effects of solar wind speed and solar wind dynamic
pressure. Not only is the cross polar cap potential positively
correlated with these two solar wind parameters, but also the
ULF wave activity level is related to solar wind speed, as high
speed solar wind streams are usually accompanied by
enhanced ULF fluctuations. While the solar wind pressure
effect is transient, the solar wind speed effect is more persistent
and thus can be important for a long‐term statistical study.
[13] To first separate the solar wind speed effect, Figure 2a
exhibits color‐coded average DФpc versus ULF index and
solar wind speed for the northward IMF condition (A).
Similar to Figure 1a, all the data points that fall into the same
grid cell, now with grid cell size of 0.025 by 10 (km/s), are
averaged. The plot shows not only that DФpc increases with
Vsw, but also that, for a fixed Vsw, larger DФpc values could
be found in the region of larger ULF index at all solar wind
speeds. Note the relation between Vsw and ULF power can
also be seen, i.e., high solar wind speeds are associated on
average with high ULF power. However, enhanced ULF
wave power can be observed for both high and low solar
wind speeds.
[14] Figure 2b exhibits the average relation between the
ULF index and DФpc when solar wind speed is fixed at
400, 480, 550, 620, 700, 750 km/s, which is like cutting
through Figure 2a parallel to the x axis. In order to obtain a
smoother relation, we take an average of the data points within
+/−10 km/s around the six solar wind speeds for each given
ULF index grid cell and only plot averages for grid cells having
more than 3 data points. Although the lines are not monotonic,
we can identify a linear trend for all six solar wind speeds,
Figure 2. For the data set of northward IMF satisfying Condition (A): (a) color‐coded average DФpc
versus ULF index and Vsw; (b) average dependence of DФpc on ULF index when solar wind speed is
fixed at 400, 480, 550, 620, 700, 750 km/s represented by different colors.
Figure 3. Scatterplot of ULF index versus DФpc for Psw condition of (left) Psw = 2–3 nPa with s (stan-
dard deviation) < 0.5 and (right) Psw = 3–4 nPa with s < 0.7, with the symbols “D” and “+,” respectively.
The colors denote the different corresponding Vsw, and solid and dashed lines give linear fits for lower
and higher Psw conditions, respectively.
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suggesting a positive effect of IMFULF power on the polar cap
potential drop, independent of the solar wind speed effect.
[15] To determine whether solar wind dynamic pressure
(Psw), and not ULF activity, might lead to the effect seen in
Figure 2, we collect those data points in Figure 2 that addi-
tionally satisfy a specific solar wind pressure condition, i.e.,
either Psw = 2–3 nPa with s < 0.5 or Psw = 3–4 nPa with s <
0.7 where s is the standard deviation. Twenty‐two data points
in each running average are used to calculate s. This con-
straint is imposed to avoid windows that include a sudden
change in pressure. From the data points satisfying this
additional Psw constraint, Figure 3 now illustrates the rela-
tionship between the ULF index andDФpc with the effects of
Vsw and Psw controlled. The left and the right panel of
Figure 3 shows the result for lower (Psw = 2–3 nPa with s <
0.5) and higher (Psw = 3–4 nPa with s < 0.7) dynamic pres-
sure condition, with the symbol “D” and “+,” respectively.
The colors denote the different corresponding Vsw, and solid
and dashed lines give linear fits for Psw = 2–3 nPa with s < 0.5
or Psw = 3–4 nPa with s < 0.7, respectively. Due to the rig-
orous data constrains the data points are sparse in Figure 3.
Nevertheless, we can see the ULF effect, i. e., regardless of
the colors (representing Vsw) and symbols (Psw), there is a
trend that larger DФpc is associated with larger ULF index.
For example, one can tell a linear trend for both orange “D”
and “+,” and also for other colors, as indicated by solid and
dashed lines. While the positive linear trend is seen for the
majority of the fits in Figure 3, it is not seen for some of the
selected cases (e.g., red “+,” cyan “+,” and black “D”). This
can be attributed to the limited number of data points as
well as uncertainties of AMIE potentials and the ULF wave
index. Additionally, it is worth noting that the ULF index
reflects not only ULF wave activity, but also other IMF
irregularities such as discontinuities.
[16] We can also see the effects of Vsw and Psw in Figure 3.
The warm colors appear above the cold colors, showing a
largerDФpc for larger Vsw regardless of the ULF index. Also,
the “+” symbols tend to appear on the right and above the “D”
symbols for the same color, indicating a larger DФpc for
higher Psw and larger ULF index.
[17] We calculate a partial correlation coefficient between
the ULF index and DФpc after removing the effect of both
Vsw and Psw by successively doing a linear regression of
ULF index and DФpc on the two solar wind parameters and
subtracting the fit from the original values. From the data set
satisfying condition A (Bz > 1.5 nT and |By| < Bz), the
partial correlation coefficient is 0.19 with a p‐value of 2 ×
10−6. The p‐value, which is used to test statistical signifi-
cance, is the probability (ranging from 0 to 1) of obtaining
the same correlation coefficient by chance. Thus, the very
low p‐value indicates that it is highly unlikely that the
positive correlation was obtained by chance. The relatively
small partial correlation coefficient is due to the effects of
Vsw, and Psw, but also may be attributed to the highly
structured convection patterns. We often observe highly
structured convection flow patterns with a number of
localized vortices under fluctuating northward IMF. For
such a convection configuration, it is hard to estimate
properly the electric potential drop across the polar cap.
Also, due to the vortices, the enhanced flows that may be
associated with IMF fluctuations do not necessarily yield
a large potential drop. Thus, the effect of ULF fluctuations
might be substantially greater than indicated by this partial
correlation coefficient.
[18] Another way to examine the isolated effect from ULF
fluctuations is to compare two data sets that are associated
with different ULF power levels but satisfy the same solar
wind conditions, i.e., Psw = 2–3 nPa with s < 0.5 and E
R
sw =
0.5–1.5 mV/m. Here, ERsw is the solar wind reconnection
electric field [Kan and Lee, 1979], which has a strong
correlation with DФpc and is given by





where Vx is the x‐component of the solar wind velocity,
By and Bz are the y and z components of IMF, and  =
arctan(By/Bz). Note that E
R
sw takes effects from both Vsw
and IMF into account simultaneously. Again, we examine
the case of northward IMF (with the constraint of Bz >
1.5 nT). Figure 4a shows the distribution in ERsw of the data
points that are associated with either lower ULF wave power
(ULF index < 0.0 in black) or higher power (ULF index >
0.2 in red), respectively. In the range of 0.5–1.5 mV/m, the
Figure 4. (a) Distribution of the number of data points in ERsw. (b) Relative occurrence rate of the same
data points used in Figure 4a in DФpc. Red denotes the data set associated with higher ULF index (>0.2),
and black with lower ULF index (<0.0). Both data sets satisfy the conditions of Bz > 1.5 nT, Psw = 2–3nPa
with s < 0.5, and ERsw = 0.5–1.5 mV/m.
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distribution in ERsw is similar for the two data sets and has
almost the same average Psw (∼2.44 nPa). However, dis-
tributions of the DФpc of the same data sets are quite dif-
ferent, with the one associated with a higher ULF power
present at larger polar cap potentials, as shown in Figure 4b.
This indicates that an overall increase of polar cap potentials
occurs under enhanced fluctuating IMF conditions, inde-
pendent of the increases that occur with increasing Psw as
well as with Vsw.
4. Summary and Conclusion
[19] We have conducted a statistical study to investigate
the effect of IMF ULF power on the cross polar cap
potential drop, primarily focusing on northward IMF. The
analysis shows that the average DФpc increases roughly
linearly with the ULF index, independent of the effects of
Vsw and Psw. The convection pattern is in general highly
structured under fluctuating northward IMF, often accom-
panied by a number of localized vortices. Due to the vor-
tices, the enhanced flows that may be associated with IMF
fluctuations do not necessarily yield a large potential drop.
Thus, despite the relatively small correlation coefficient
(partial correlation coefficient of 0.19), the linear trend we
have found supports the significant role of ULF fluctuations
on the coupling of the solar wind to the magnetosphere‐
ionosphere system.
[20] We also examined the isolated effect of IMF ULF
power by comparing two data sets that are associated with a
lower and a higher ULF power level but satisfy the same
conditions of Psw and E
R
sw. We observed a substantially
greater number of large polar cap potentials for the data set
associated with a higher ULF power, which further supports
there being a substantial effect of IMF ULF power onDФpc.
[21] These statistical results support the previous finding
by Kim et al. [2009] and Lyons et al. [2009] that, in addition
to the well‐established contributions from the IMF and the
solar wind dynamic pressure, ULF fluctuations can be a
potentially important additional driver of the strength of
high latitude ionospheric convection and thus of coupling
with the solar wind. Future studies will include under-
standing of how the solar wind fluctuations drive convection
enhancements with highly structured flow patterns, which
may need to include how the fluctuations are manifested
within the magnetosheath and the effects of coupling with
the ionosphere. It will be particularly interesting if we find
that the fluctuations can often be associated with enough
energy transfer to the magnetosphere to lead to the growth
and expansion phase of substorms under conditions when
such energy transfer would not otherwise be expected.
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